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SYNOPSIS 


It is well-known that despite considerable technological 
interest in separated flows, there are ^ery few experimental 
surveys of separated flows which can guide the development 
of prediction methods. Experimental results are given for a 
separated flow field with emphasis on the upstream effects 
of separation. A new pressure probe was developed during the 
investigation for making rapid surveys of, separated flows. 

As the probe is expected to be of a more general interest , 
it is described in the first part of the work. The second 
part deals with the upstream effects. 


The new three-tube pressure probe is asymmetric unlike 
all known probes. Two chamfered tubes are asymmetrically 
arranged flanking a central total-pressure tube . This 
configuration ccnsidexably reduces the transverse probe 
dimension, and enables it to be used in thin shear layers. 
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and close to a wall. Further, errors due ro transverse 
shear are reduced. It is capable of providing simultaneous 
measurements of flow direction, speed and total pressure in 
two-dimensional or axisymmetric flows. A parallelogram 
pitching apparatus was developed to align the probe in the 
flow direction. 

Measurements of the probe were compared with well-known 
empirical laws and also pitot-probe measurements in zero 
pressure gradient turbulent boundary-layer and pipe flow. 
They suggested that the probe can be effectively used 
outside a region of about two tube diameters from a wall. 
Further measurements in a separating turbulent boundary- 
layer demonstrate the probe capability for making surveys 
of separated flow fields. 

Upstream effects were studied by inducing separation 
from a flat surface by a two-dimensional forward -facing 
wall jet. The free-stream flow separated and the jet flow 
curved back forming a large recirculating region. Wall 
pressure distributions upstream of the separation point 
were studied as a function of three parameters, namely the 
ratio of jet to free-stream velocity, the free-stream 
Reynolds number and a pressure gradient parameter. 

Wall pressure distributions in suitable non-dimensional 
coordinates showed a distinct trend towards similarity at 
large upstream distances. This distribution agreed, to a 
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first a-pproxitnat ion, with the calculations based on inviscid 
flox^’ models, which described in simple ways the displacement 
of the external flow by the recirculating region. There was 
however a region close to the separation point, typically 
extending about ten boundary-layer thicknesses, where a 
distinctly different trend was observed. It is therefore 
■concluded that the upstream effect is governed by tvvO length 
scales. The smaller scale describes the region where the 
comparatively larger rate of thickening of the layer near 
the wall influences the pressure distribution j-. ^though 
within the framework of classical boundary— layer theory, 
such an effect would be of a higher order. 

It was observed that the pressure gradient near 
separation for the free-stream wall-layer was favourable. 
While this can be viewed as a consequence of the separation 
of the wall jet under adverse pressure gradient, a predictio 
procedure for the free-stream boundary-layer would have to 
predict separation in favourable pressure gradient. On the 
other -rhand, a classical argument holds that adverse 
pressure gradient is necessary for separation. It is argued 
that the classical argument applies only to velocity 
profiles which are monotonic before separation, while 
non-monotonic profiles were observed in this experiment . 

The applicability of the observed upstream effects to 
other flow configurations is also discussed. 
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PART I 

A HEW TECHNIQUE EOR ELOf MEASUEEMEHT 

IN 

SEPARATEE PLOWS 




ABSTRACT 


A new three-tuBe pressure-proBe is de^loped fox 
measurement of flow direction, and dynamic and total 
pressToxe in two-dimensional separated flows. Unlike all 
earlier proles, it is asymmetric. The arrangement of 
side tubes, which is responsible for the as 3 rmmetry, allows 
it to be used in thin shear layers and close to wall, 
where earlier probes tended to be inaccurate. A pitching 
apparatus is designed to align the probe in the flow 
direction. 

Measurements with the new probe are compared with 
classical pitot tube measurements and well-known emj^rical 
laws in zero-pressure-gradient turbulent bound ary- layer 
and fully developed pipe flow. The comparison ’ shows that 
the new probe can be effectively used, with uniform flow 
calibration, in a shear flow outside a region of about two 
probe-tube diameter thickness from a wall. 

The capability of the new probe in surveying 
flow fields is demonstrated by measxirementrS in wall.*- 3ft 
induced separation. 


CHirTER 1 


A NSW ASYmETRIC PEISSSRE-PROEE POE SEi'ARATEP PLOWS 

1.1 INTEODUCTION 

Since separation frequently occurs in turbomachine 
components and fluidic devices, and is unavoidable at the 
base of the rear fuselage of certain aircraft, there is 
significant technological Interest in the development and 
improvement of prediction methods for separated flows. As 
in the case of turbulent boundary-layers, detailed surveys 
of representative types of separated flows are indispensable 
for the assessment of such prediction methods and for 
guiding their improvement. ’ 

However, unli'ke extensive data (Coles, 1968) available 
for turbulent bound ary- layer s , data for separated flows are 
very scanty. The difference is mainly due to the relative 
complexity of measurements in separated flows. The simple 
method of measuring the velocity profile with a pit«t-probe 
and a static wall tap is adequate for the mean flow field 
in two-dimensional bound ary- layers. But transverse 

. ' ■ - .a., ' " 

variations of static pressure and, flow direction in 
two— dimensional separated flows increase the number of 
quant itiee to be measured at interior points from one to 
three 
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A majority of the velocity and flow direction measuring 
techniques can he broadly categorised ihto three classes 
depending on whether 4hey rel^r on pres sure -probes or they 
use the hot-wire or laser-doppler anemometer. The first 
category has the advantages of simplicity and the 
rossibility of simultaneous measTorement of all mean flow- 
quantities. The second category gives measurements of 
greater precision* but difficulties arise when velocity 
fluctuations ar-e not very small in comparison with the mean* 
Ihe third category has received considerable attention 
recently (e.g* Durst and ^iliitdaw, 1971) and is believed to 
have great potential as a high precision technique. The 
last two categories however require separate measurements 
for static pressure" for a complete survey of the flow field. 
Hence they are likely to te useful in a few test flows 
requiring greater precision rather than in surveys of large 
number of representative types of flow. 

The simplest of pressure-probe methods using either a 
pitot--static tube Or a pitot tube with a wall tap tends to 
be inaccurate in separated flows for two reasons. First, 
the normal velocity component, which is in general not 
insignificant, leads to errors of nonalignment . Second, 
the transverse variation of static joressure can cause 
significant error s in the second method . More complex 
probes like yawme ter probes or eorabination probes have their 
limitations. ITiile they are suitable for approximately 
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■uniform flows, their large transverse dimensions introduce 
errors in a shear layer or in the vicinity of the separation 
point. Morever , if they are not aligned in the flow 
direction, they are unsatisfactory for pitch angles larger 
than about +20® (Bryer et.al., 1958). If they are to be 
aligr^d in the flow direction, the mechanical problems in 
designing the pitch-cum-traverse apparatus are difficult 
to solve . 


Ihe first part of this work is devoted to a new 
pres sure -probe for separated flows.* Unlike all known 
pressurp-probes , it is asymmetric. This probe was developed 
in the context of a study of upstream effects which is the 
theme of the second part of this work. The context is 
explained briefly in the next section, but as the probe i» 
expected to be useful in a wide range of separated fl*ws, 
the first part is largely independent •f the second. 


The probe and the pitching apparatus are described in 
sections 3 4 of this chapter. Calibration procedures, 

installation and operation are taken up in the last two 
sections. Probe performance and typical measurements are 
described in the second chapter. 


1.2 THE OEIG II OP THE PROBE 

A survey of the flow field was desired during- an 
inve stigat Ibn of upstream e f f ect s of boundary-layer; 


* A preliminary account 


is given by laanik & Oupta f t’973) . 
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separation. In. particular, velocity profile surveys 
upstream of separation were required to find the development 
of hound ary- layer parameters. The flow field is shown in 
figure 1 , w;here an approximately'- two-dimensional wtll-ye-r 
opposes uniform stream. Ihe free stream hound ary-layer 
separates due to the action of the wall-jet and the jet flow 
curves hact: forming a large recirculating region. 

A pitot-static tube or a pitot tube with a "wall tap 
were not considered suitable for reasons given earlier . 

The next alternative was to use a pressure sensing 
combination probe with a suitable orientatibn mc-^chanism. 
Irobes for two-dira.e,nsiorjal flows showii in Figure 2 were 
considered after a literature survey. Although they are 
suitable for uniform flows, significant errors can arise 
due to shear in separated flows as explained in the next 
section. Further, the transverse dimension of the probes 
introduce difficulties in measurements in thin shear layers 
or close a separation point. These considerations suggested 
the need for a new probe. 

1,3 THE EFFECT OF SHEAR 

Figure 3 (b) shows a three-tube Conrad type of probe 
in a parallel flow with shear . When the probe is aligned 
in the flow direction, the side tubes will indicate a 
pressure difference depending on the shear and the distance 
between the axes of the tube si If the pressure difference 




FIG. I WALL JET INDUCED SEPARATION 
, _ (SCHEMATIC) 




(a) TWO-DIMENSIONAL CLAW PROBE 


(b) 3 -HOLE YAW PROBE 



(c) WEDGE PROBE 


(d) CONRAD PROBE 


FI6.2 PRESSURE PROBES FOR TWO-DIMENSIONAL FLOWS 
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is used as an indication of the prohe alignment, an error 
in the flow direction will result, llso, the pressure 
dif-terence between the central 3.nd a side^is influenced by 
shear aL-d this leads to errors in the welocitj^ measurements 
based on calibration in uniform flow. 

Even a pitot probe experiences the effect of shear in 
velocity measurements. The error is described in terms of 
the effective centre of the probe . The effective cejjtre is 
defined as the point where the local total pressure is 
equal to the total-pressure sensed by the probe. The 
effective centre is found to be displaced from the geometric 
centre towards the region of increased total- pressure. This 
distance AJ is given by (Young and Maas, 1936) 

AY/D = 0.13 + 0.08 d/D 

and it is independent of shear . Investigations of the 
effect of shear were carried out by MacMillan (1956) , 

Hall (1956), Lighthill (1957) , Davies (1958) and Dhawan 
et al (1959) . 

Viscous effects in pressure probes are significant 
when Eeynolds number based on outer tube diameter is less 
than about 40 (Dean 1953, Hurd 1 955, MacMillan 1954, Ower 
andYPanfchurst 1966) . Eor a probe diameter of 1 mm this 
effect is significant when the velocities are less than 
about 60 cm/s. Since larger velocities were used in the 
present investigation, viscous effects were negligible. 
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Similarly compressibility effects were of no consequence. 
Since the turbulence intensity of the tunnel vias 0.4%j 
turbulence effects (Goldstein 1936) were expected to be 
small and were not considered. 

1 . 4 IHE ASYiffiETItIC IROEE 

Since a reduction in the transverse dimension brings 
about reduction in shear errors and improves the suitability 
of the probe for thin shear layers and the vicinity of a 
wall, a new probe configuration (Figure 5 (a)) was invented 
to reduce the transverse distance between the side tubes to 
zero. The axes of the three tubes lie in a plane normal to 
the plane of motion and the chamfered faces axe 
ss^nraretrically arranged. 

If bhe asymmetric configuration (Figure 5 (a)) is 
compared with the symmetric three-tube Conrad type 
configuration (Figure 3 (b)) for a given tube diam.eter, the 
first arrangement has one third the transverse dimension of 
the second. Hence, the first arrangement can be used closer 
to the wall and with smaller interference. 

One way of using the probe is to align it in flow 
direction. This type of usage is dealt with in this work. 
There is also another type of usage in which the probe is 
held fixed in a known direction and the pitching apparatus 
is then no'fe ^ The second method is used when space 

restrictions do not permit the probe rotation and the 


DISTANCE BETWEEN 
CHAMFER TUBE CENTRES 




PLAN 

(a) 



PLAN 

(b) 


FIG.3 ASYMMETRIC AND SYMMETRIC CONFIGURATION 

IN SHEAR 
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pitching apparatus. Furthermore, it eliminates alignment 
time and is therefore suitable for intermittent high speed 
tunnels with limited run times. The pressure differences 
between the tubes are used to obtain the flow direction and 
the dynamic pressure using uniform flow calibration. But 
this usage is influenced by the flow conditions like shear 
and turbulence and the angle between the flow direction and 
probe axis may hs've to be less than a critical value 
(usually +20®) depending on the probe geometry. Whenever 
possible the first method is preferred (Bryer et.al. 1958). 

A probe with the asymmetric configuration was made from 
stainless steel tubes of 0.5 mm inner diameter^-d and 0.8 ram 
outer diameter ‘D (d/D = 0.625). The side tubes had a 
chamfer angle of 45®. The chamfered face was carefully 
prepared on a vertical milling machine and then carefully 
hand*-f ini shed using a jig and oil-stone. This gave a good 
finish to the chamfered faces and freedom from burrs. The 
angles were checked in an optical profile projector with a 
magnification of 50, The tubes were held tagether by 
soldering and the external surface was carefully 
hand-finished and checked for proper alignment in the optical 
projector and with aprojectionmicrosccpc.- 

Common requirements of a comhination probe are small 
size, rapid response and simple construction,^^^^^^^^^^^^^^^^^^^^^^^^^ 

ability to ta’^e measurements close to one point etc. 
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These requirements are satisfactorily met by the new probe 
in a way similar to the Conrad probe which was the best 
available in view of these requirements (iryer et.al. 1958). 

1.5 THE OEIEFTATION AriARATUS 

The selection of a suitable orientation apparatus is 

import a.nt . In a two-dimensional flow, the probe has 
to be aligned either for yaw or for pitch depending an the 
orientation of the probe support with respect to the flow, 
notation about an axis passing through the probe support is 
usually called yaw rotation and rotation about an axis 
perpendicular to the probe support is termed pitch rotation# 
The mechanical problems involved in designing an orientation 
mechanism for pitch angles are more difficult to solve than 
those for yaw. ' 

Two of the common orientation mechanisms are shown in 
Eigure 4. The crarP^ed cantilever orientation mechanism 
(Eigure 4 (n) ) is suitable for yaw angles. Eut the pitching 
orientation is required for the present experiment, and in 
general for two-dimensional separated flow studies near a 
wall. The orientation mechanism of Eigure 4 (b) can be 
used for pitch alignment but it has certain imitations. 

It is convenient for calibration in uniform flow, but not 
for general purpose usage with a rectilinear traverse. An 
alternative mechanism proposed by Salter et.al. il965) has . 
similar limitations. 



(a) TRAVERSE FOR DIRECTION PROBE IN 2D FLOWS 



FIG.4 COMMON PROBE TRAVERSES 
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An apparatus vvas designed to pitch the probe. It is 
based on a modification of a parallelogram liiiieage 
(Figure 5). It consists of three vertical links, DGK, BEM 
and CFI, and three parallel links, GHI, DEF and AEG of 
variable inclination. When the apparatus is installed , 
link DGK is nornial to the solid surface and the plane of 
mechanism is in the plane of motion, in auxiliary linlc HJ 
is connected to a slider J moving in a supporting tube 
soldered to lin’^^ DGK. The slider is moved by a metal 
wire. The supporting tube also encloses flexible tubes 
connecting the three probe tubes. (Figure 6) 

Since the apparatus is a plane mechanism, obstruction 
of the flow is reduced and installation and operation are 
easier than with a space mechanism having a similar function. 
Also^ redundancy of links reduces clearance errors and 
increases rigidity. Perhaps the principal advantage is that 
rotation of the probe about the probe tip is achieved with 
little intereference to the flow near the probe tip, even 
when it is near a solid wall. 

The links of the apparatus were made with brass strips 
of 6 mm width and 1.5 mm thickness. Pin joints were made 
.from brass pins and care was taken to minimise clearance. 

The pins were 5 cm apart on a vertical link and 4 cm on an 
inclined link. 


%Ai I eir* 




FIG. 6 VIEW OF THE PROBE AND 
THE PITCHING APPARATUS 
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The probe was held in a stiff copper tube attached to 
pin joints B and C of the pitching apparatus. The, probe 
tip A was adjusted during installation so that A is on the 
intersection of GB and CB. 

1.6 CALIBEAflOB PROCEDURES 

The total pressure was measured directly with the 
central tube. Calibration for dynamic pressure was done 
in a uniform flow v'-:’ th the probe aligned in the flow 
dir'^ction. Calibration for the probe angle was done in an 
optical profile projector to relate the probe angle to the 
linear displacement nf wire* Details of procedures employed 
in the present study are given below. 

(a) Calibration for dynamic pressures 
The probe assembled with the pitching a,pparatus was 
mounted in the test section of the wind tunnel A (test 
section -lx 1.2 m, .length 1.5 m, maximum speed 60 m/s). 

The supporting tube was held normal to the free stream 
direction with the pitching apparatus in the plane of mean' 
flow and the probe was first aligned in the flow direction 
till the differential pressure in the side tubes was shown 
to be zero in a micromanometer . This probe direction was 
maintained during the entire calibration for dynamic^^^^^^^^ 
Treessure . 

T^ tunnel velocity was varied , first in increasing 
and then in decreasirc Sl^e’pb. ; The pressur-e^^ d 
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The prohe was held in a stiff copper tube attached to, 
pin Doints B and C of the pitching apparatus. The. probe 

tip A was adjusted during installation so that A is on the 
intersection of GB and CE. 

1.6 CAIIBKATIOW lEOCEDUEES 

The total rressure was measured directly with the 
central tube. Calibration for dynamic pressure was done 
in a uniform flow with the probe aligned in the flow 
a.,*ection. Calibration for the probe angle was done in an 
optical profile prcgector to relate the probe angle to the 
linear dleplaoement uf wire . Details of procedures employed 
in the present study are given below. 

(a) Calibration for dynamic pressures 
The probe assemblGd with the pitching apparatus was 
mounted in the test section of the wind tunnel A (test 
section - 1 x 1 .2 m, length 1.5 m, maximum speed 60 m/s). 

Tne supporting tube was held normal to the free stream 
direction with the pitching apparatus in the plane of mean- 
flow and the probe was first aligned in the flow direction 
till the differential pressure in the side tubes was shown 
to be zero in a micromanometer . This probe direction was 
maintained during the entire calibration for dynamic 
P3^essure.: 

The tunnel velocity was yarled , first in increasing 
and then in decreasing steps. The pressure difference 
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between the central tube and one side tube was measured far 
each step. The dynamic pressure in the test section was 
measured by a pitot probe in the settling chamber and a 
static hole in the test section wall. The curve of the 
pressure difference between the central and the side tubes 
against the dynamic pressure (Figure 7) was linear to a 
first good approximation in the range 10-50 mm of alcohol. 
The curve was slightly ndnlinear near the origin, but the 
nonlinearity was reproducible in several calibration tests. 
The straight line approximating the curve had a small 
intercept on the ordinate axis which ccirld be reduced by 
further development. There was no noticeable difference 
between measurements in increasing and decreasing steps. 
Also, the pressure difference between the side tubes 
remained within 0.05 mm during the calibration procedure. 

(b) Calibration for probe angle 

An optical profile projector ol magnification 20 was 
used. It had a circular screen with cross-^’sjires vT/hich could 
be rotated and the rotation could be measured. The probe 
?;ith the pitching apparatus was placed in the projector , 
the probe being in the zero position of the previous 
calibration. The prohe tip was first projected at the 
cross-wire centre and one wire was aligned with the 
centreline of the probe shadow. The wire connected to the 
slider J (Figure 5) was moved to rotate the probe about its 
tip and the wire displacement was noted on a vernier of 
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FIG.7 DYNAMIC PRESSURE CALIBRATION 
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least count 0.05 mm. The screen v/as then turned till the 
cross-wire was again aligned with the probe axis, arid the 
screen rotation was measured. The process was repeated for 
several angular displacements in the clocbwise and 
anticlockwise directions. The probe tip image was seen to 
remain almost at the cross-wire centre for all such 
rotations. The calibration (figure 8) w/as carried out from 
+60° to -30° and the linear range was found to extend from 
+20° to -20°. An angular displacement of 1° gave rise to 
a linear displacement of about 0.74 mm. Thus an angular 
displacement of about 0.07° could be detected. The p^obe 
angle sensitivity is distinct from the sensitivity to flow 
angles. The former is essentially determined by the 
mechanical amplification built into the pitching apparatus, 
but the latter is influenced by probe geometry, flow 
.Velocity, manometer sensitivity etc, 

1.7 INSTALLATION AND OIERATION 

The general orientation of the probe and the pitching 
apparatus is shown in figure 9- The apparatus with the 
probe was inserted into the test section from a slot in the 
upper wall at a chosen streamwise location. The apparatus 
could be traversed in the vertical direction. ¥'hen the 
probe tip was at a point of interest, the probe axis was 
rotated by moving the wire till the side tubes showed equal 
pressure. The w?ire displacement was noted and the flow 
angle 0 was obtained using the calibration curve (figure 8) 




FIG.8 PROBE ANGLE CALIBRATION 



TEST SECTION (30x40 cm) 



FI6.9 PROBE IN THE TUNNEL 


The central tube gave the total pressure, and the dynamic 
pressure 'V'/as obtained from the measured - P-|) and the 
calibration curve (Figure 7)* The installation and 
operation r^exe found to be simple and rapid . 
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PROBE PEIlF'OEMI'ICE iPB TYPICAL 1IEASUEE5LERTS 

2.1 IHTEODUCTIOH 

Since an asymmetric probe configuration 7^as used for 
the first time, it was desirable to compare the new probe 
measurements with con'ventional probe measurements in some 
well-known flows. If the measurements indicate satisfactory 
probe performance, the probe can be used with confidence in 
flows which have not been extensively investigated. 

However, a critical and definitive evaluation of probe 
performance requires extensive studies in sensitivity to 
flow features like yaw and shear and parametric studies 
for optimisation. Such an evaluation was not attempted. 

Eurther , new probe measurements in wall- jet induced 
separation are presented to demonstrate the probe capabiliiy 
in surveying complex flow fields. The plan of the chapter 
is to examine in the next section pitch sensitivity which 
indicates the resolution of flow angle. The next three 
sections compare the new probe measurements with the 
empirical laws and pitot probe measurements in 
zero pressure gradient turbulent bound ary- layer and fully 
developed pipe flow. The comparative measurements Indicate 
errors in total-pressure, dynamic pressure and flow angle. 
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Finally, nevs prole measurements in a separating turbulent 
bound ary- layer are compared with pitot measurements in 
section 2.6. Calculated boundary-layer parameters provided 
a further indication of the accuracy of the ne ?5 probe. 
Illustrative measurements close to and beyond separation 
point are given in section 2.7. 

2.2 PITCH SENSITIVITY 

Pitch sensitivity and bound ary- layer measurements were 
carried out in tunnel E (test section - 40 cm x 50 cm, 
length 100 cm, maximum speed 16 m/s). A speed of 
780 cm/s was used due to the limited range of the available 
micromanometer. The probe was located at the centre and 
aligned in the flow direction. It was then rotated in 
steps aM the pressure difference (p^-P 2 ) was noted. 

Figure 10 shows the probe sensitivity to pitch angles in 'iS.-; 
the range -20° to +60°. An angle of 1° is seen to result 
in a pressure dia fere nee of 0.16 ram of butyl alcohol even 
at this low speed. Hence an angle of about 0.2° can be 
sensed with a mieromanometer of 0.025 mm least count . 

The pitch sensitivity of the probe ( (p^“P2)/i3V 0 ) 
is equal to 0.058 per degree of probe rotation. Also , 
approximately linear behaviour over^a la.rge range suggests 
that the in non-aligned mode with 
suitable calibration, (see section 1.4) 




FIG.IO PITCH SENSITIVITY 
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2.3 COMEiRATITE I^ASUEEICEI^TS OR TOTAI PRESSURE 

The intereference of the side tubes to the cer-tral 
rube T;as exrected to he negligible. However, it was 
desirable to test the intereference in presence of shear: 
and near a solid wall. Central tube measurements v^ere 
compared with a pitot probe hai/ixTg the same outer and 
inner diameters. 

Measurements were carried out in a turbulent 
boundary-layer with zero pressure gradient. Reynolds 
number based on momentum thickness was 310. However a 
comparison of velocity profiles measured with the 
conventional probe and well-known empirical laws suggested 
that the effects of moderate Reynolds numbers were not 
serious . 

Total pressure profiles obtained with the two probes 
are shown in figure 11. The close agreement indicates 
that the interference of the side tubes was not significant 
even in presence of shear and wall. 

2.4 COMRARATIl/R MBASUREMEHTS OP VEIOCITT 

The velocity profile obtained wibh the new probe 
using uniform flow calibration was compared with the 
logarithmic law (Eigure 12). The coefficierits of the 
logarithTiiic law ?^ere taken to be 0.4'1 5 *0 as recommended 

by C&les (1968) . The velocity profile obtained with the 
pitot tube and a static was also used for 





FIG.II TOTAL PRESSURE PROFILES 
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comparison- Friction velocity for loth the profiles was 
calculated by a method suggested by Bradshaw (1959). 
Velocity measurements at e distance larger than two tube 
diameters were found to be in good agreement with the 
wall law and the pitot tube measurements - 

Velocity measurements were also made in a turbulent 
pipe flow at a section 50 pipe diameters from entry. 

Reynolds number based on pipe diameter was 0.22 x 10^. 

Ihe velocity profile in wall coordinates was obtained by 
finding the friction velocity using Bradshaw’s method. 

The curve UY = constant drawn for this method was found 
to intersect the velocity profile in the logarithmic 
region and at a point more than two tube diameters from 
the wall. Agreement with the logarithmic law was found 
to he fairly good outside a region of two tube diameters 
from the wall (Figure 12). 

Velocity measured with the new probe was systematically 
larger than pitot probe values very close to the wall. 
Maximum error oc cur oci when the probe touched the wall, and 
was about 255^ in the bound ary - laye r , Estimates Vi/ere made 
to see whether this difference should be attributed to the 
woll-lcnown displaceoBnt effect (Thwaites I960, Davies 1968). 
The shear parameter oi as defined by Davies is equal to the 
ratio of the difference of the velocities at the extreme 
ends of the probe to twice th^ velocity at the centre of 
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the prohe. The velocities were ca,lcu3.ated assuming the log 
law for Y The shear parameter was found to vary from 

“r 

0.19 at Y = 0.05 cm to C.0305 at Y = 0.16 cm. Displacements 
of effective centres necessary to bring the data into 
conformity with the wall law were 1.2 and 0.6 times the 
tube diameter at these locations. Thus if the effects of 
chamfered ends and the probe angle with the wall can give 
rise to a displacement of this order, the difference could 
be interpreted as a displacement effect, and a correction 
procedure could be developed as for pitot probes. 

2.5 ^.CCIIRACY IN I'LOW DIRECTION 

The effect of shear and w^ll proximity on the chamfered 
tubes can be expected to cause errors in flow direction, 
although these errors would be considerably smaller than in 
comparable earlier probes. Tips flow measurements were used 
to obtain information about the accuracy of flow direction 
measurements. Mean flow was assumed to be parallel to the 
pipe axis and the probe angle with the axis in nulled 
position was regarded as the error in measurement of flow 
direction. The probe angle § is shown against distance Y 
from the wall in Eigure 13- Errors were less than 1°» 
excluding the wall proximity , (y< 2D) , where the maximum 
error was about 2°. Hence the effect of the displaced 
effective centres led to errors less than 1° , while wall 
interference ::err©rs were .less than 2°:. 



^ (degrees) 



FIG. 13 MEASURED PROBE ANGLES IN PIPE FLOW 
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2.6 IvffiASUEE'ilE'NTS IF A SEIAEATIFG rUEEUISi'iT BOUFEATiY-LAIEE 

The prohe vms used for the measurement of velocity 
profiles in a separating, turbulent bound arj^'-laj'ers where 
the flow direction varied significantly. 

The flow was described in section 1.2. The free 
stream and jet velocities were 550 and 2700 cm/s. 

Turbulence intensity in absence ^ wall jet was about 0.4 
percent. Measurements of dynamic p>reseures and flow angles 

were made at five stations at 30, 35 » 40, 42.5 and 45 cm 

# 

from the beginning of the test section. The separation 
point was found to be at 48.6 +0.1 cm with a two-headed 
probe held close to thei wall. 

Measurements were also made at the 45 cm station with 
a pitot probe having the same outer and inner diameters as 
the tubes in the new probe. Figure 14 (a) shows the flow 
angle profile obtained with the new probe and Figure 14 (b) 
shows the dynamic pressure profiles obtained with the two 
probes. . 

Dynamic pressure profiles of both showed an unusual 
valley. This feature was attributed to the strong reversed 
flow created by the forward -facing wall- jet. The flow 
angles were larger than 30° at some points and the use of 
a convent ional pitot probe (say , with inner to outer 
diameter ratio of 0 ,6) would result in errors of the order 
of f ifteen :p0rG;err6 : in total pressure . Dynamic pressure 


dyn. press./ U Ue - o 0 (degree*) 
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obtained with the pitot probe and a static pressure rake 
7 iq.s systematically less than the new probe value and the 
difference was significant wherever the flow siigle was more 
than about 10°. Ihe difference was attributed to the lack 
of alignment of the pitot probe. A correction was applied 
following Fan-hurst and Holder (1S68, p.180)to the pitot 
prove values for y/^>0.15, where flow angles were greater 
than 10°, using the values given by the new probe. 

Corrected values were found to be in good agreement 
(Figure 14 b) with the new probe values. The agreement 
suggests that the new probe can be used with confidence in 
a shear flow with varying flow direction. 

Flow angle profiles measured with the new probe are 
shown in Figure 15. They developed systematically as the 
separation point was approached and the maximum flo¥? angle 
was found to be about 36° at 40 percent of the layer 
thickness at the last station 3.6 cm upstream of the 
separation point. 

Figure 16 shows the development of velocity profiles 
(X component ) obtained by the new probe . 1 growing dip in 

the profile is a consequence of the wall iet which t>e els 
off from the wall and curls itself to €orm a strong vortex. 
The growing dip also results in the occurence of reversed 
flow at an inlJerior point. 



FIG.I5 FLOW ANGLES 



550 Cms /Sec 
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Various "bouiad aiy-laj^er parameters are shown in 
Figure 17. 7he parameters were calculated ly numerical 
i.ntegration of IJ-Velocitj" profiles using a programme of 
modified Simpson’s rule with variable step size. Ihe 
accurac 3 ?' of the programme was tested on \?ell-kno?-n laminar 
and turbulent profiles and was estimated to be letter than 
0.5 percent. Skin friction was calculated from these 
parameters by applying the ludweig-lillman formula. 

The behaviour of H and gave important conclusions. 
The value of the shape factor l-f increased continuously and 
had a value of about 2^5 close to the separation point. 

This is a reasonable value of the shape factor for a 
seperatirg turbulent loundary-la 3 ’'er , as given by Van 
beonshoff (1943, H = 2,6), Schaubai and Kiebanoff 

(1951, H = 2.7) and Clauser (1956, H = 2.5). Further, 
decreased raonotonieally and was practically zero at the 
separaCion point i These results support the view that the 
new probe can be effectively used close to the v; all near 
the separation point and in presence of large shear. 

2.7 PROFIIE'S CIQSE TO AID BETOJn) TH33 SEIARATIOI POUT 

Plow angles and velocity profiles were also measured 
at 47.5 , 50 , 55 , 60 and 70 cm locations and are given in 
Figure 18 and Figure 19. The last four stations were after 
the separation point while the first station was about 1 cm 
ahead of the separation point. When the flew angles were ■ 



BOUNDARY-LAYER PARAMETERS 
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more than 60° or less than -30°, the mechanical design of 
the pitching apparatus did not permit probe alignment in 
the local flow direction. Consequently, there wore gaps in 
the range from Y = 3.5 to 5 cms. Dotted lines in Pigure 19 
corresporjd to these ranges. Plow angles in the range of 
120° to 210° were obtained by turning the probe around to 
face the downstream d ire ct ion. 

The profiles ."jupt ahead of separation at X = 47.5 cm 
showf an unusual behaviour, fhe reversed flow begins at an 
interior point and the region of reversed flow is sandwiched 
between two regions of forward flow for a short distance. 

The flow angle profiles at the last two stations are 
qualitatively different from the preceeding two. In the 
latter the flow angle increases continuously from zero to 
180° as the wall is approached. Hence the flow is away from 
the wall at all points on the station. But for the last two 
stations, the flow angles decrease from +5® to -30®, the 
flow being In the forward direction. Por values at Y less 
than about 5 cm the flow opposes the freestream direction. 
There is a region close to wall where the flow angles are In 
the range of 170° to 180°. (representing the ^et flow 
spreading a?^ from the wall) . Outside this region, the 
flow is towards the wall , .This is due to the effect of the 
vortex which is upstream of these two stations. 


UoD * 550 cm/s 
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2700 cm/8 
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AFTER SEPARATION 
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Figure 20 shows the overall fl«w features for the 
entire field. The vectors show to scale the speed as 
well as direction at the points indicated hy dots. The 
flow features agree well with the streamline pattern 
(Figure 1) and vividly demonstrate the prohe capability. 
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PART II 


UPSTREAM EPPECTS IN SEPARATION INDUCER BY 
A FORWARD -PACING WAIL JET 


ABSTRACT 


Experiments wre conducted to study the upstream 
effects in two-dimensional separated flow' of an 
incompressihle fluid . The development of the vortical 
layer upstream of the separation point, the location of the 
separation point, and the initial' conditions of the 
separated shear layer are strongly influenced hy the 
pressure distribution of the surface. Emphasis was therefore 
placed on studying the way in which the wall pressure 
distribution is altered by separation. 

A forward -facing two-dimensional wall jet was employed 
to separate the turbulent boundary-layer of the main stream 
from a flat smooth surface. The main stream and wall jet 
velocities were varied in ranges of 4 to 12 m/s and 14 to 
30 m/s, the ratio of the latter to the former varying from 
1.5 to 7.2. Eurther experiments were conducted by varying 
the angle of an opposite wall by -2,5° and 2.5° to study 
the influence of the pressure gradient of the corresponding 
unseparated flow field on the upstream effects. 

Detailed checks were carried out to assess the 
departures from two-dimensionality, the effects of Reynolds 
number and non-equilibrium on the ■unseparated turbulent 
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■boundary- layer and on the wall jet. They showed that these 
effects were not significant. 

Por the case in which wall pressure gradients were 
a'bsent in the unseparated flow, the data suggested that the 
upstream wall pressure in corresponding separated flow is 
given hy C = f (X/t . ^ ) to a good approximation almost 

upto the separation point. The wall pressure distri'bution 
in suita"ble . nond imensional coordinates showed a distinct 
trend towards similarity. The far upstream effect agreed 
with the predictions based on inviscid flow models describing 
the dividing streamline approximately, and the agreement 
improved with increasing upstream distances. Thus this 
effect can be attributed to the displacement of the external 
inviscid flow by the reversed flow region, further, this 
waE:' pres sure distribution closely resembled that of a 
forward facing step, suggesting that details in the method 
of inducing separation do not have a significant effect in 
the far upstream range. However, a distinctly different 
trend was observed close to the separation point over a 
region of the order of twenty boundary-layer thicknesses. 

It was therefore concluded that the upstream effect is 
governed by at least two length scales, the smaller 
describing the region where the rapid rate of thickening 
of the vortical layer at the wall affects the pressure 
distribution. 
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Further, it was noticed that the change in the inviscid 
external velocity distribution at far upstream distances due 
to separation was independent of the pressure gradient of 
the corresponding unseparated flow. 



CHAPTER 1 


INTRODUCTION 

1.1 SEPARATED PLOWS AND UPSTREAM EPPECTS 

a Uoundaxy- layer separates from a Lody, the region 
where the effect of viscosity is critically important no 
longer remains thin. Consequently, the form-drag of a body 
in a fluid stream is considerably larger than the skin- 
friction drag. Also, the displacement effect of the 
separated region reduces circulation and lift. Purther, 
separation adversely affects the performance of internal 
flow devices like diffusers. Prevention of separation has 
therefore been an important objective in the design of 
airborne and marine vehicles and fluid machinery. 

Separation can sometimes be used to advantage. Por 
instance, the working principle of several fluidic devices 
depends on the reattachment of a separated layer. .The 
subsonic performance of thin airfoils which are suitable 
for supersonic flight can be improved by the formation of 
a short separation bubble. 

With the technological developments in transonic and 
supersonic aircrafts and gas turbines, the need for basic 


54 


studied extensively (Lighthill 1953, Chapmati et.al. 1958, 
Zu’-'OsVi 1967 and Carpenter 1968). The hyperholic equations 
of inviscid supersonic flow make the strong interaction 
local and hence simpler than that in subsonic flow. 

1 . 2 EEVIEW 01 EARIIEE WOSK 

There does not seem to he any investigation of upstream 
effects in separated flows of the type of the present work. 

The following brief review gives ’general background of the 
present state of related kno?;ledge . 

Classical studies -were largely concerned \'?ith two types 
of information depending on whether the separation took place 
from a sharp corner or from a smooth surface. The free 
streamline theory of Kirchoff (1869), Helrpltz (1868), 
Batchelor (1956), and Roshko (1955) in. general dealt with 
the first type of problem. The effect of the separated 
region on the outer flow v^as described by a dynamical - 
condition on the interface streamlines. Pressure distribution 
and drag coefficie.nt were usually obtained as a function of a 
parameter whose value was not determined by the theory. The 
other type of investigation dealt with the question of 
whether a boundary-layer starting from given initial, 
conditions and external pressure distribution would separate 
from a smooth surface. The investigation further sought to 
determine the location of separation point, if the boundary- 
layer separated. 
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The present work is concerned with separation from a 
smooth surface .* The problem of two-dimensional laminar 
hound ary- layer of an incompressible fluid has been extensively 
discussed in the literature (Brown, 1969). There is a 
diversity of opinion regarding the validity of the boundary- 
layer equations near the separation point. Early calculations 
(Howarth 1938, Hartree 1939, Leigh 1955, Terrill I960) 
indicated that numerical integration of the boundarjr- layer • 
equations ran into difficulties as the skin-friction value 
approached zero. The calculations were terminated at a 
suitable low value of skin-friction and the point of zero 
skin-friction was determined by extrapolation. The behaviour 
of skin-friction near the separation point and the breakdown 
of the process of integration gave rise t(^ the view that the 
point of zero skin-friction is a singular point . This point 
has some significance and has been called the separation 
point.** The nature of singularity has been discussed by 


* In the present context, this phrase merely 
distinguishes separation from a geometrically singular 
point like a corner from the separation taking place 
at a regular point. The surface need not be 
hydraulically smooth. 

** There are many subtle and somewhat unresolved 
issues in adopting a suitable definition of the 
separation point. They are discussed in Ippendix A. 
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Goldstein (1948), Stewartson (1958), Terrill (i960) and 
Catherall, Stewartson and Williams (1965). 

Catherall and Mangier (1966) obtained a numerical 
solution of the hound ary- layer equations which proceeded 
heyond the point of zero skin-friction. It is therefore 
not certain whether the separation point is always a singular 
point. It was suggested (Stewart son 1958, Catherall and 
Mangier 1966, Klemp and Icrivos 1971) that a distinction 
needs to he made between two types of situations. In one 

case, the streamlines leave the surface hut the separated 

— l/p 

region still remains thin 0(li ), as in shallow huhhles 
within hound ary-layers. No difficulty about the validity 
of the hound ary-layer equations is expected in-this case, 
except possibly in the immediate neighbourhood of the point 
of zero skin-friction. Solutions of hound ary- layer equations 
with reversed flow (iClemp and'lcrivos 1972) have shown that 
flow reversal is compatible with hound ary- layer equations. 

The procedure of pa^therall and Mangier (1966) was to 
specify the displacement thickness some distance upstream 
of the separation point and to determine the pressure 
distribution as a part of the numerical integration 
procedure . Many investigations (Brown 1969) suggest that 
in general an incompressible bound ary- layer is singular at 
separation when the pressure gradient is arbitrarily 
prescribed. 
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The prohlem of the separation of a turhulent 'boundary- 

layer is more complicated due to the auxiliary equation or 

closure hypothesis for turlDulence and also possibly the 

effects of normal Reynolds stresses near the separation 

point . An extensive comparative study of contemporary 

prediction methods was carried out at the Stanford Conference 

(Kline et.al. 1968). Twentynine methods were tested for a 

/ 

selected data of thirtythree flow fields. IVhile the methods 
differed in the use of differential or integral equations 
and the type of the auxiliary equation, all the methods 
assumed the external pressure distribution. Although the 
overall judgement of the evaluation committee was favourable , 
it was pointed out that none of the methods directly dealt 
with the strong interaction taking place near the separation 
point. The general performance of the methods was not very 
satisfactory near the separation point. 

Special analyses have been constructed to deal with 
turbulent boundary-layer near the separation point. Tor 
example, the analysis of StyTjtxord (1959), Townsend (1962) 
and ITi’shldka & lida (1972) divides the layer in two parts. 

The outer part behaves like an inviscid layer of almost 
constant total pressure . Reynolds stress enters in the 
force balance only in the inner layer. As pointed by 
Townsend (1 962) , this analysis does not attempt to describe 
the upstream effects of separation. 
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Turbulent boundary-layers subjected to adverse pressure 
gradient have been experimentally studied by many x’vorkers. 
Well-known works include those of ludwXeg and Tillman (1950), 
Schubauer and Klebanoff (1951), Neman (1951), Clauser ( 1954 ), 
Fraser (1954), Stieittford (1959), Schubauer and Spangenberg 
(i 960 ), Moses ( 1964 ), Perry (1966) and Sandborn (1969). Many 
of the investigations dealt' vath attached flows and the main 
concern was in the gross properties of the bound ar y- layer . 

Mean velocity profiles were usually obtained by a total-head 
probe and wall taps. As pointed out by Coles (Stanford 
Conference, 1968 ) the measurements were often terminated 
before the separation point was reached, and effects like 
transverse static pressure variations or the flow angle 
relative to the wall were usually not considered. Further, 
there were sometimes difficulties in obtaining two-dimensional 
or axisymmetric flows. When the region of adverse pressure 
gradient is long, slight three-dimensionality can have 
considerable effects, as was revealed in the works of 
Schubauer and Klebanoff (1951) and Clauser (1954). Another 
problem is the measurement of skin-friction in adverse 
pressure gradient. The preston tube needs a sufficiently 
long logarithmic portion in the mean velocity profile . 

Direct measurement of skin-friction in adverse pressure 
gradient also has associated difficulties (Brown and Joubert , 
1969 ), and the heat transfer gauge is rather insensitive to 
small values of skin-friction (Dr inkuth and Pierce 1966, 
McGroskey 1 972 ) . : 
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The development of a hound ary-layer ahead of a 
forward-facing step (Bradshaw and Galea 1967, Robertson and 
Taulhee 1969) and a bluff plate (Good 1968) has drawn 
attention recently. 

The attainment of a maximum pressure rise with a given 
initial boundary-layer without causing separation or the 
attaiiiment of a given pressure rise over the shortest -$"■ 
distance is of engineering interest in the context of 
compressor and ?;ing design. Experimental studies of 
incipient separation were undertaken by Stvatford (1959) 
and Spangenberg et.al. (1967). 

If the rea-ttaching separated la 3 ''er leaves a long 
slender region, it is called a separation bubble. Wall 
pressure measurements of separation bubbles and 
characterisation of the conditions under which they are 
formed have also been extensively reported (Tani 1964, 
q/.Ka 1967). 

Ex|5erimental data on the upstream effects of separation 
is known to be very scanty (Kline et.al. 1968) and any 
prediction procedure which attempts to locate the separation 
point needs to take these effects into account. The present 
experiments are designed with a view to understand the 
general propert ie s of the- upstream effects . The separated 
flow was approxiB®tely two-dimensional and the separating 
boundary-layer was turbulent. 
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1.3 BASIC IDEAS OTDERLIING THE PRESENT EXPERIMENTS 

Consider the separation of a houndary-layer of an 
incompressible fluid from-a smooth surface. The outer 
inviscid flow is assumed to be steady and two-dimensional. 
Bet the outer flow with separation and a corresponding 
inviscid floYv without separation be given by stream- functions 
f and Y' ‘ 

Then 


= y' ^ £i.'f (^) 

where the difference ^"'f' describes the effect of separation. 
y , y ' and hence A.y satisfy the Laplace equation. Since 
the study of Aiv'^'must be through measurement of , it was 
decided to keep the unseparat^d flow y ' as simple as 
possible. To make y ' correspond approximately to uniform 
flow, separation was induced by a for ward -facing wall jet on 
a flat surface, which was the test section floor of a wind 
tunnel. Control of the wall jet velocity gave a simple 
direct control on the reversed flow region without affecting 
y' . The upper test- section wall was adjusted initially to 
ma''*'e y ’ correspond to a uniform flow in the region of 
interest. In the latter stages the angle of the upper wall 
was altered to study the effect of ’ on . 

In supersonic separated flow problems, there is a free 
interaction zone where the pressure distribution is not 
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affected to any detectable extent by the details of how 
separation is caused (i.e. by an impinging shock, step, 
ramp etc,)* If there are similar regions in subsonic flow, 
the findings could be general and need not be restricted to 
particular methods of causing separation. 

figure 1 shows the essential configuration of the 
experiment and the notations used. Control of U , U. and 

03 j 

o(, gave control on the three major flow parameters namely 

V , 

/% , and . 

let I denote the outer flow which is approximately 
inviscid , II the viscous layer ahead of the separation point , 
and III the remaining region. For the present qualitative 
discussion it is. not necessary to consider how the boundaries 
are determined. The region I influences the viscous layer II 
through pressure distribution, which determines the separation 
point. Hence, considerable emphasis is laid on investigation 
of the properties of the wall pressure distribution upstream 
of the separation point. 

An important question is how the wall pressure 
distribution in region II upstream of separation is 
influenced by region III. The effect could be displacement 
effect on region I which modifies the inviscid flow upstream 
of the separation point and hence the pressure distribution. 
This effect can be approximated to some extent by describing 
the dividing streamline in several simple ways. If the 
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olDset^ed pressure distribution shows some properties which 
are at variance with the effects produced by widely varying 
descriptions of the dividing streamline, the conclusion would 
be tha.t there is also a strong interaction between regions 
I and II or II and III. The classical framework of thin 
bound ary- layer does not permit a strong interaction between 
regions I and II. However, such a strong interaction theory 
using integral methods has been very successful in supersonic 
flows (Crocco and Lees 1952 , Lees and Reeves 1964). 

Direct influence of region III on the pressure 
distribution in II would require propagation of upstream 
influences within the boundary-layer. The classical 
framework of the boundary-layer uses parabolic equations 
and upstream influences within the layer are not permissible. 
A more refined asymptotic framework which allows a 
switchback effect of higher order terras or alteration in 
the parabolic nature of the equations by normal Reynolds 
stress terms near the separation point can permit the 
propagation of upstream effects within the layer. 

1.4 OUTLINE OR THE WORK 

Details of the ezperiraental programme is described in 
chapter 2 . This includes the description of the experimental 
set up, apparatus and instrumentation, ■preliminary 
experimental results for boundary-layer study, 
two-dimensionality of flow, and effects of Reynolds number 
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on unseparated turbulent "bound ary- layer and on wall jet are 
also given. Hot wire results for turbulence measurements 
and an oil film method for flow visualisation are also 
described. 

Chapter 3 describes the results and includes a 
discussion. Emphasis is on the upstream wall pressure 
distribution, its parameters and existence of similarity. 
Results are compared with pressure distribution upstream 
of stagnation point in inviscid flow models. 

Upstream pressure distribution is compared with 
similar earlier experiments. last section summarises 
the results. 
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CHAPTER 2 


CXPERIWTAL 


PROGRAMME 


2 . 1 APPARATUS 

The experiments..- vrere conducted in a 30 cm x 40 cm smoke 
tunnel (Figure 2). Air was sucked in the open-circuit tunnel 
from an essentially closed room and discharged into the room. 
The tunnel therefore acted like a closed -circuit tunnel. It 
had a honey-comh of 2 5 mm square mesh and two screens in a 
settling chamber followed by two two-dimensional contraction 
sections with an overall contraction ratio of 9. The 100 cm 
long test-section was followed by a diffuser-cum-transition 
section and an axial flow fan driven by a EC motor,. 

The maximum attainable speed in the test-section was 
16 m/s and free-stream unit Reynolds numbers ranged from 
2.6x10^ to 8.0x10^ per meter during the experiment. The 
variation of dynamic pressure in the test-section at a typical 
section was less than 2% of the free-stream dynamic pressure 
outside the wall boundary-layers which were tjrpically 10 mm 
thick. The turbulencie intensity ba^ed on streamwise 
fluctuation was less than 0.5^ • 

The top and bottom walls of the test-section, which were 
modified for the experiment, consisted of 6 mm thick perspex 
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sheets. The upper sheet contained slots for spanwise and 
longitudinal traverse of prohes. The hottom test surface 
was provided with 0.3 mm diameter brass wall pressure 
tappings. Beginning at x = 6 cm from the end of contraction, 
the first 8 taps werea±2cm pitch, the next 28 at 1 cm pitch, 
and the remaining 12 at 2 cm pitch. Taps and smoke injection 
tubes were also provided at 5 cm pitch in the spanwise 
direction on either side of the centreline (Figure 3). 

A 4 cm wide sand-paper strip spanning the contraction 
was fixed on the lower surface about 10 cm upstream of the 
test-section for 'triggering transition of the bound ary- layer. 

A wall jet facing the main stream was located at 
X = 73.2 cm. Two vertical false walls were provided at 30 cm 
spanwise distance as the vadth of the wall jet was restricted 
by the tunnel construction. They extended throughout the 
entire height and length of the test-section. They also 
reduced the effective thickness of the side-wall boundary- 
layers. 

A 3/4 HP blower supplied air to the wall jet through a 
first settling chamber with a honeycomb and two screens, 
and through two 130 mm diameter symmetrical ducts (Figure 5) . 
The air then passed through a second settling chamber which 
was connected to the tunnel floor, the top surfaceofthe^- 
chamber being a 6 mm thick bake lit e sheet with a sharp edge 
forming the upper surface of 'the wall jet. The height of 
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FIG.3 WALL TAP LOCATIONS 


j(TO MANOMETER 



FLATTENED TOTAL- HEAD PROBE PITOT-STATIC PROBE 


FIG.4 STANDARD PROBES 
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the sheet which determined the wall jet height t . could he 

3 

varied upto 12 mm in. steps of 0.5 mm. The wall jet height 
t^ was kept 4 mm for all the experiments. A bypass valve 
near the first settling chamber controlled the wall jet 
velocity. The maximum jet velo-citv was 30 m/s and it gave 
a variation of )\ from 1.5 to 7.2, 

2.2 IKSTRUIAEIi'TTATION 

Figure 4 shows two probes of conventional design 
employed in the experiments. The pitot-static tube was used 
to measure free stream dynamic pressure at a central 
reference point at the beginning of the test section. The 
flattened total-head probe was used for velocity measurements 
in the boundary- layers and near the wall jet exit. 

The asymmetric probe, described in part I, was used for 
the measurement of velocity, flow direction and total 
pressure. A two-headed probe (Figure 6a) was used to locate 
the separation point. It consisted of two 1.2 mm outer and 
0.8 mm inner diameter tubes, which were chamfered at 45° and 
soldered side by side, the chamfered ends facing opposite 
directions. It was held vertically with its tip touching 
the test surface and one chamfered, end facing the freestream, 
and it was traversed along the centreline till the pressure 
difference between the tubes was zero . The separation point 
thus located with this probe was reproducible within + 2 mm. 
This location typically agreed within +3 mm with the location 
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olDtained "by the flow visualisation method, which ?/as obtained 
within +5 mm. 

A static pressure rake (figure 61) was designed for 
rapid static pressure surveys. 19 tubes, suitably bent of 
2 ram outer diameter were arranged in a plane and they were 
enclosed by 1,5 mm thick sheets, the interior space being 
filled 7Jith wax. The rake T/as thus 5 mm thick. The ends 
were covered with semicylindrical wooden strips. Wall taps 
of 0.5 ram vjere drilled centrally on one side at suitable 
locations to connect each hole with a ’tube . four additional 
wall taps (A, B, C and B) were used to align the rake in the 
flow direction. The static taps on the centreline were 
3.25 cm from the leading edge and a potential flow 
calculation showed that the measured static pressure would 
be less than the actual by <bio of the dynamic pressure. 

Three manometers were used. A null-reading 
micromanoraeter with a movable inclined tube (flow 

— 5 ' ' ' ' 

corporation. Model mm-3) had a resolution of 2.5x10 mm 
(10”'^ in.) of ethyl alcohol over 50 mm (2 in.). The other 
two m.anometers were well-type fixed inclined tubes (Dwyer) -r 
with a resolution of 0.125 mm (5x1 0~^ in.) and 0.25 mm 
(10”^ in.) over 6 mm (0.25 in.) and 75 rani (3 in.) of water. 
The manome ter with the smaller range was connected to a 
pitot— static tube at the reference point. It was also used 
for a preliminary survey- The manometer with the larger 
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range ?vas used to measure the jet velocity at the wall jet 
exit, iill other Tneasiiretiient s like the wall pressures and 
velocity profiles were taken with the taicronianotneter . 

A traversing mechanism provided three translational 
degrees of freedom to the prohes. The vertical displacement 
was measured with a vernier (resolution 0.05 mm, range 
240 mm) and also with a dial-gauge (resolution 0.01 ram, 
range 25 mm) for measurements close to the test surface. 

The measuring accuracy in the longitudinal and transverse 
directions was 1 mm. The probe and the traversing mechanism 
were sufficiently rigid to prevent detectable vibrations. 

A const ant -temperature anemometer (flSA 55A01) was used 
for turbulence measurements. Wollaston platinum wire 
(0.0075 mm dia., 2200 ohms/m) was used with single wire 
probe . Qualitative observations were made with a dual trace 
oscilloscope (Tektronix 545B) and EMS values were measured 
with an external voltmeter (GEO 1806 a, 850) attached to the 
anemometer . 

2.3 PEELIMINAEY TESTS AKD EXPERIIffiNTAL TECHNIQUES 

The flow field of the experiment is shown in Figure 1 
which was drawn on the basis of flow visualisation and 
veloc ity field siirvey which are described later . The sketch 
also shows the coordinate system and the symbols. 
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Before conducting the main experiments, the flow field 
was investigated for longitudinal pressure distribution, 
location of transition and two-dimensionality with only the 
free-stream (U- = 0) and also with only the wall ;iet (U = 0) 

V 

l-'ith the sand-paper trip, the hound ary-layer velocity profile 
T^as found to follow the logarithmic lav; in wall coordinates 
in the overlap region for x greater than about 8 cm and was 
thus fully turbulent . 

■flow 

Mean velocity profiles, in the absence of wall jet, were 
measured with the flattened total-head tube and the wall tap 
as the bound ary- layer thicknesses were of the order of 10 mm. 
A typical velocity profile is given in Eigure 7. figure 8 
gives the development of the bound ary- layer parameters.* 

Tar iat ions of the external velocity along the centreline 
were within one percent except at the last station. 
Displacement, m.omentum and energy thicknesses increased 
slowly with x upto about x = 55 cm and thereafter at a rapid 
rate, which was attributed to the pressure gradient created 
by the geometry of the wall jet exit at x = 73.2 cm. The 
friction coeflicient decreased after x = 50 cm. Shape 
factor H remained about 1.4. These results suggest that 
the free-stream flow is to a good approximation a zero 
pressure gradient flow upto about x = 55 cm. 


* Details of data reduction are given in j^pendix B. 







76 


Furtiher checks were carried out to see possible effects 
of low unit Reynolds mmber or possible non-equilibrium 
effects i Figure 9 shows the velocity profile in wall 
.coordinates. The agreement with the logarithmic law indicated 
that the boundary-layer was fully turbulent and the effects of 
low Reynolds numbers were not serious. The velocity defect 
profiles are plotted in Figure 10 in outer coordinates follow- 
ing Clauser (1954). The close agreement with the Clauser's 
equilibrium profile indicates that the boundary-layer was a 
normal fully-developed, zero pressure grad ient^ turbulent 
boundary-layer upto about x = 55 cm. The last profile 
(x = 64.5 cm) is quite different from the equilibrium profile 
indicating the effects of pressure gradient. A longitudinal 
wall pressure distribution along the centreline on the bottom 
surface also indicated its variation was within 2 percent of 
the free-stream dymmic head upto about x = 60 cm. 

Turbulence Intensity was measured in the bound ary- layer 
at various stations. The results (Figure 11) are in good 
agreement with those of Klebanoff (1935). The agreement 
further substantiates the view that the boundary-layer was 
a normal fully-developed turbulent bound ary- layer. 

Some tests were made for checking the two-dimensionality 
of the flow. Figure 12 shows the spanwise variation of wall 
static pressures and dynamic pressures outside the boundary- 
layer, from the*’* corresponding values at the reference 
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FIG.9 VELOCITY IN WALL COORDINATES 



FIG.IO EQUILIBRIUM DEFECT PROFILE 
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o FREE STREAM DYNAMIC PRESSURE 
• STATIC PRESSURE 
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FI6.I2 VARIATIONS IN SPANWISE DIRECTION 



FIG.I3 INTEGRAL MOMENTUM BALANCE 


station, as a psrcent of free— streatn. dynainic pressure. The 
variations were less , than about 5 percent in dynamic 
pressures and less than about 2 percent in static pressures.-. 
A mome ntuTE balance checic as su^^ested by Coles (1968} was ^ 
also made and Figure 13 show a good two-dimensionality of ' 
flow upto about X = 80 cm. 

The wall jet profile and its development in the absence, 
of free-stream are shown in Pigure::;t4 -and,,.. 1 5 - The turbulence 
intensity in the jet flow was found to be of the order of 205 ^o 
The spanwise variation of jet flow at x location at 36 and 
72 cm is shown in Figure 16. These figures show that the 
spanwise variations were less than 10 percent of the 
maximum velocity. l 

¥/hen neither Upo nor U-. was zero, the static pressure, 
rake was used to measure the static pressures normal to the 
surface, and the asymmetric' probe was used, for the velocity 
field survey (Part I) . 

Various methods were tried to locate the separatio.n 
point. The approximate location was indicated by a wool ' 
tuft attached to a thin rod. The smoke technique was not 
satisfactory due to limited smoke supply. Further, the 
fihina-c lay technique was also not satisfactory due to 
inadequate spraying equipment for the volatile liquid . 

A liquid-film method employing a mixture at lamp-black and 
kerosene was successful. Elevation and plan of the flow 
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FI6.I6 SPANWISE VARIATION OF JET VELOCITY PROFILE 
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pst/t/sms wsiG ottsixisd on "two plniiGs (Pigms 17) . [Plis lowsic 
photograph shows thG flow pattern obtained on a 0<4 nni thin 
aluTninintn plate attached to the test surface. A phste of 
lamp-hlack and ’^erosene was applied. With the flotw, the 
paste flowed on the surface before the kerosene evaporated 
thereby giving the surface flow pattern. The upper ' 
photograph shows the flow pattern on a vertical aluminium 
plate which was placed symmetrically in the test section. 

The dark separation zone in the lower photograph was taken 
as the separation line and was located within +5 mm. The 
photograph also indicates that the 'flow was reasonably 
two-dimensional except in the close proximity of the .side 
walls . 

Por the sake of completeness, some of the details of 
experimental techniques are given here. Initial attempts 
to locate the velocity profile origin (i.e. y = 0) by optical 
or electrical (continuity) methods were not entirely 
successful. Elastic deflection of the probe tip, as 
suggested by Prof. M.R. Head, was finally used. Displacements 
in steps of 0,1 mm neam the wall indicated a minima in 
dynamic pressures which was taken to be the location 
y = 0 cm. It was reproducible within 0.1 mm. The total-head 
tube position was shifted by about 2 ram in the spanwise 
direction from the wall tap centreline to reduce the 
interference on the wall tap. 
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FIG. 17 OIL FILM PATTERN OF WALL JET 
INDUCED SEPARATION 
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Wall rressure measurements were made ly comparing the 
pressures with a reference pressure. Since the measurements 
were used to study the departures of wall pressures in 
separated flows from those in unseparated flows, it was 
desirable to use a wall point fer upstream of separation as 
a reference pressure which itself w!Ould not he affected by 
separation. Limited length of the test surface resulted in 
some effects being experienced at the first wall ti,j 3 on the 
test surface. A correction was applied to take this effect 
into account. (Pg^- P^ef^ measured ?4thout separation. 
Then with the jet flow on and for the same free-stream 
■velocity, (p-Pg^)were measured to • 

The control of \ was first atteiflp^e.d by varying hhe 
free-streara velocity and keeping the jet by-pass control 
valve fixed for a fixed value of jet velocity. »'HQwe’ver, 
the wall jet velocity varied significantly, thus requiring 
measurement and control of jet exit velocity for each set , 
for which a pitot-probe at the wall jet exit was provided. 
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CHAPTER 3 


FJ5SULTS AND DISCUSSION 

3.1 INTRODUCTION 

This chapter deals -with results descrihing the nature 
of upstream effects in wall jet induced separation. 

Attention is focussed on the wall pressure distrihution 
upstream of separation point, with emphasis on appropriate 
scales and similarity. 

The general behaviour of wall pressure distribution for 
this flow fielcl is described in section 3.2. As the free- 
stream boundary/- layer was found to separate in favourable 
pressure gradient, the possibility of separation under 
favourable pressure gradient is examined in the next section. 

Upstream wall pressure distribution and relevant 
parameters are considered in sect- on 3.4. Section 3.5 
considers the similarity of upstream pressure distribution, 
and applicability of the results to other configurations like 
a forward -facing step is also examined . The next two sections 
consider the inviscid flow models, their compariSQh with, 
experimental results, and far and near upstream effects of 
separation. ■ ■ 
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ih©s© EGCtioj c deal with the case of parallel opposite 
wall (Figure 1 , o(. = 0) where the pressure gradient associated 
vjith unsepara,ted flow is zero in the region of interest and 
therefore the observed pressure gradient is due to separation 
The case of convergent and divergent opposite walls { ^ f 0) 
is considered in section 3.8 where separation modifies the 
pressure gradient which would have occured in the absence of 
separat ion. 

Major conclusions are summarised in section 3.9. 

3.2 WALL FRESSUE'E DISTRIBUTION 

Preliminary experiments were conducted to obtain 
qualitative features of wall pressure distribution in a wall 
jet induced separation. Figure 18 shows that the wall 
pressure first attains a maximum and then drops. Further 
there are sometimes four local extrema in the reversed flow 
region of the jet near the jet exit. Locations of separation 
point obtained by the two-headed probe are also shown in the 
figure. The pressure distribution is qualitatively similar 
to that observed by Colin (1968) who used a forward -facing 
wall jet in the range 2.2 ^ ^ ^ 9.4- to simulate the 

recirculating region of jet lift VTOL aircraft flying or 
hovering in wind in ground proximity. 

The wall pressures were sensibly steady upto the 
separation point but after the separation point, especially 
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clcr-^ to r location, fluctuations of the order of 10 per 

'in ill 

cent of the ftT; e-strea.n dynamic pressure were observed. They 
seem to l:e due to ;;he unsteadiness of the vortex- Further 
measuiements of static -oressure were made upstream of the 
separation point. 

Figure 19 shows the wall pressure distributions for two 

values of X obtained by^ several combinations of U and U-, 

D 

Clearly, the data suggests that 

Cp = f(X/t ., > ) (2) 

describes to a good approximation the upstream effect slightly 
away from the separation point. This observation can be 
interpreted as the insensitivity of the wall pressure 
distribiition to the Reynolds number of free-stream boundary- 
layer for given X within the range of the experiments. Flow 
visualisation figures further showed that the location of the 
separation point and the extent of the separation region 
K are determined by X for given t., which was not varied 
during the experiments. 

3.3 THE POSSIBILITY OF SEPARATIOH OF BOIMLARI-IAIER 
IN FA VOimABLE PRESSURE 

^ ^ 19 and 24 show that for t:he entire range 

. bf. X the separation point ^as located by the two-headed probe., 
was in the region where the free-stream bound arlr^ layer 
esCperlences favourable pressure gradient. Thip observation 
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FIG. 20 SURFACE FLOW PATTERN 
WITH OIL FILMCA=51) 


. ■« 



TO K ARE LjOCATIONS OF STATIC PRESSURE RAKE 



Xcm 

FIG. 23 ISOBARS IN WALL JET INDUCED SEPARATION 
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On the other hand, the pressure gradient experienced 
"by the "-an ,iet is adverse and its separation is compatihle 
vith the classical arguments. Further, the velocity field 
measurements (part 1, Figure 20) also indicate that the wall 
jet separated and curled up after nroceeding a short distance 
upstream. The dividing streamline obtained by flow 
visualisation (Figure 17 and 20) also shows that it initially 
proceeds a short distance in upstream direction before 
turning around (part II, Figure 22(b)). 

Although the above view makes the experimental 
observations understandable, some difficulties are not 
resolved by the arguments. As the vortical layer of the 
free-stream close to the wall, plunges deep into the interior, 
the free-stream vortical layer separates in the usual sense. 
Further, any free-stream bound ary- laj'^er calculations based on 
a suitable turbulence model, and experimental initial 
conditions and wall pressure distribution cannot predict the 
separation of the free-stream boundary-layer if adverse 
pressure gradient is indeed necessary at the separation point 
as obtained by the classical argument. 

While it is certainly possible to question the validity 

of boundary-layer approximation close to the sepaiation point 
it would be difficult to expect the caculations to predict 
even a tendency to separate, that is, a steady decrease in 
skin friction or rapid increase in <5 . Further, the 


96 

expex iinental ■Vctliies of skin friction parameters (^jart I, 
Fifnixe 17’'’ are Qualitatively like other turbulent boundary- 
layers near separation. 

A Gimple argument can be given to shor; that the classical 
argument ( '’.chliehting , 1960, p. 1^3) really applies to 
velocity profiles which are monotonic upstream of separation. 
In the present experiment, the velocity profile has a dip 
('('art I, Figure 16) v^hich grows as the separation point is 
approached. Consequently the reversed flow begins at an 
interior point. Clearly, it is seen from the sketch (Figure 
22(b)) that c)u)d*y at sections between A and B decreases from 
positive values at the wall to a zero value at some interior 
point suggesting that ^ u/ ^ y is in all probability negative 
at the wall, which immediately implies a favourable pressure 
gradient. 

Thus a theoretically important general conclusion emerges 
namely, that separation of a boundary-layer can take place in 
a favourable pressure gradient. Such a separation, which is 
permitted by the dynamics of the flow, is of course going to 
be realised in practice only uhder rather special types of 
initial and boundary conditions which give rise to 
non-monotonic velocity profiles upstream of the separation 

point . 


3. A parameters ARP SIMIMRITY OP UPSTREAM 
PRESSURE DISTRIBUTIOR. 

Eigure 24 shows the effect of on the upstream wall 

pressure distribution. Increase in X resulted into shift 

of pressure maxima in the upstream direction and the location 

of separation point away from C position. C decreased 

%ax %ax 

with increase in X . 

The gross effect of A on wall pressure distribution can 
be readily seen by considering the behaviour of several 
parameters (Table 1 ). and where is maximum or zero 

were obtained from pressure measurement to within +2 mm. The 
maximum height of the dividing streamline h was obtained from 
the flow visualisation plate and it was estimated within +3 mm. 

The height h was found to be a suitable length scale for 

inviscid flow models (section 3.6). Yisual observation was 

not attempted for all the values of X . However it was ' 

noticed that h was approximately 1.2 times the distance 

(X-X). Hence {X^-X) was used as a length scale for 

experimental data correlation. Figure 25 shows that (Xg-Xj^) 

2 

and (X^-X^) vary approximately linearly with X • 

° . %ax 

attains a value of approximately 0.2 for X larger than 6, 

but for smaller values there is a marhed rise in the value of 
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FI6.25 PARAMETERS OF UPSTREAM PRESSURE DISTRIBUTION 
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and Obtained from Colin’s data (1968) are 

also plotted in the figure (y y \ • 

X 2 . . ^ roughly linear with 

A while C is about 0 . 4 , 

The difference could be due to several reasons. Plrst 
the static pressure taps were spaed In Colin's experlm.nt ’ 
at 5 cm unlike the spacing of 1 cm In the present experiment, 

3 exit height t^ was 2.3 nm In the former, while It Is 
4 mm in the present experiments. Interpolation near a sharp 
peak with large spaclngs evidently can cause significant 

^1-. the ratio Of wall Jet thickness 
to test section height was 75 in the present experiment while 
it was 200 in Colin's ex-Dprimon+- n 

experiment. Conseque.ntly blockage 

effect woul(a be different rr v n 

oiiieiont. (x^-x_^) could hot be estimated 

from Colin's data as was not measured. 

Separation point was observed to move closer to the 
°Pmax decrease of X and they almost coincided 


/I 1 . figure 2o shows that the behaviour of C can h'^ 
approximated by and (X„-X„) behaves as 1 . 9 '’"=^ Ja/" 

3.5 SIMILAEIIY Of UPSTREAM PEESSUHE DISTEIBOTION 

It IS of Interest to find out whether the upstream wall 
pressure distribution is governed by a similarity rule. The 
pressure distribution of Plgufe 24 suggests such a possibility. 
Aa mentioned earlier (VV taken as a length scale for 
experimental pressure distribution, Plgure 27 shows 0 /O 

Ti' ir\ ■ 


P Px 


xouid 
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plotted against (X-X )/(y y ^ 

o "Various ^ . Pox (x^-X)/ 

^ ^ ■*'^6 points lie close to a curve suggesting 

Similarity to a good approximation. Por lower values of 

(X„-X)/(X^-X^) there is a spread indicating a possible weai 

effect of A . It is conceivable that if some other X^^^ is 

taken as a reference point instead of x„ , or a slightly’' ' 

different length scale is choosen, the spread might diminish. 
This question was not investigated. 

It was also noticed that for the present experiment 


<W2' - 2(x„-x^) (3) 

where X /2 is the location of C in thp 'roo-io, + 

p region upstream 

of n c;„ -f-u ^ %ax/2 

Pmax‘ ^^ed as- a length scale in 

comparing data from other experiments which do not provide X^ 

figure 27 also shows the upstream effect in Colin's (1968) 

experiments. Colin's ria+o -Fchv ,r • -x 

conn s data for various >» also show that trend 

IS of the same type as the present experiments. Ool~ln's wall 

pressure measurements are however larger at far upstream 

distances. This could be the effect of W/t^ or ff/I on 

pressure distribution, w being the height of the test section, 

or the effect of reference pressure used in calculating 0 

Experimental data of Bradshaw and Galea (1967) for a ^ 
forward-facing step is also shown in Figure 27. Equation( 3 )^^^^^^^^^^^^^: 
was used for getting these data and distances were measured 
from X^. There is a close. re semhle nee in far upstream effect 


1'05 

upto the maximum pressure. Points fall helow ffe present 
experimental data for large upstream distances, hut this 
could be due to choice of reference pressure, blockage effect 

or the presence of a pressure gradient In corresponding 
^unseparated flow past step. 

These comparisons show that the far upstream effects 
observed in the present experiment are not confined to wall 
jet induced separation. 

3,6 IHVISCID PLOW MODELS AND PAE UPSTREAM EPEECTS 

The upstream effects can in part be viewed as a 
displacement caused by the thick reversed flow region of the 
outer inviscid flow field which is governed by elliptic 
equations. This type of upstream effect can be studied in 
a simple way by considering various hypothetical models which 
describe indirectly the geometry of the dividing streamline. 
^Vhile the models may be crude in describing the geometry, 
they can still provide good approximations to upstream effects 

at sufficiently large upstream distances from the separation 
point. 

Pour flow models were considered (Pigure 28). Complex 
potential and complex coordinate z are given by the : 
following analytical expressioiis * 


(M3) OPPOSED JET MODEL 


(M4) SOURCE a VORTEX PAIR 
MODEL 


FIG. 28 INVISCID FLOW MODELS 







toy 


(1) STEP MODEL (Milne’ T 


hompson 1963 , p. 273 ) 


z = In ( n 


where step height h 


-his give; 




ur ~ 1) 


- 1 


is taken to he unity. 


Uq = 1- 

i + Tff 

X = ^ [in C • Sf+ji]- ^2 


I 4 > T 1 ) +J] 7 . 2^2 _ 


>'t^ere U and x 


nond i 


along the front s 


imensional velocity and d 


istance: 


soagnation line from the stagnati 


ion point 


( 2 ) SOURCE MODEL 


= ~^c0 z -S Inz 


■line Thompson, 1963, p. 2 02 ) 


where h = •Tr^/TT 4 . 

IS taken to he 

strength. 


unity and s is the source 


This gives- velocity s 


along the front stagnat 


ion line as 


U^ = l44ni_ 


(3) OPPOSED JET 


motel (LIMB, 1945 , p.74) 


^ -U,S 5 z Q f 

vjrTi- + i / niCf.za 


IT L 




-here HU = > 2 a = ch^ael w 


width, ^d h = a/m = 1 
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The irelocity at X is given in terms of a parameter 


^r. ~ 2 j 22_ r (l4exp ( 

— j _1 


1+exp ( - TTlti^m ) 

'"-I TT ' 



3^11 ''ao» 


(6b) 


au,i, 


ana X - exp - 


(6c) 


(4-) SOURCE Aim VORTEX RAIR MOEEI (Milne Thompson, 1963, 
p.357) 

- s ln( 2 +B) + iP In ■ (7a) 

where = E/2a = 1 and h = ff'S/lJoj = 1 

s is the source strength and E is the vortex strength 
This gives 


U^ = 


4a 


H (X+B) 




(X^+a^) 


- 1 


(7h) 


B was varied from -1 to -9 and was found to have little 

effect oH C ' 

P 


A suitable length scale for describing the upstream 
effect by these inviscid models was found to be h, the 
maximum height of the dividing streamline from the line , of 
sjrmmetry. The presvsure coefficient upstream of the stagriation 
point is shown in Eigure 29' for step and the source model ' 



FIG-29 UPSTREAM EFFECT 




where is taken to he the stagnation point (C = ) * 

^max 

Pressure distributions due to other models lie in between 
and are not shown. Thus the pressure distributions, scaled 
suitably, due to wa,rious models coincided at large upstream 
distances of the order of (Z^g^-X)/h /^6. 


This large distance behaviour is compatible with the 
experimental pressure data as indicated in Figure 29, 
agreement being greater with the source model. was 

taken to be X^ for experimental points and h was either 
taken from flow visualisation or taken as 1.2 (X^-^) < 


3.7 NEAR UPSTREAM EFFECTS 


There is a marked departure of experimental pressure 
distribution close to the separation point from all the 
inviscid flow models. This shows that in addition to the 
inviscid effect, there is an additional effect due to 
viscosity which is predominantly felt near the separation 
point. This effect has a scale smaller than the inviscid 
length scale. One is compelled to hypothesise that the 
vortical layer upstream of the separation point has a 
displacement effect on the inviscid flow field vjhich gives 
rise to acceleration of the outer flow. Classical boundary 
layer theory leads to the conclusion that the displacement 
effect and its effect on the pressure gradient are of a 
higher order. The action of boundary-layer on the outer 
flow is thus weak. The observed near upstream effect 


requires a modification of the classical hound ary- layer to 
permit a strong interaction over a limited distance. 

A strong interaction modification of hound ary-layer has been 
made in supersonic flows (lees and Reeves, 1964), as pointed 
out earlier. 

The smaller length scale is shown in Figure 26 

as a function of X • It is seen that this behaves as ^ 

to a good approximation. If flow fields for different values 

of A are obtained by holding the jet velocity fixed and 

—5 /a 

varying the free-stream velocity, then U<gc> 

I'/'>D a suitable length scale L for the free- 

stream bound ary-1 aye r . Thus the smaller length scale of 

-■5/4 

upstream effect can be interpreted to behave as R^^ 

^00 = Uco L/i>') f or fixed jet velocity. 

3.8 INFIUERCE OF PPJESSUEE GRAIIERT OF URSEPARATED 
FIDW ON THE UPSTREAM EFFECT 

As indicate-d in sedtion 1.3, the effect of separation 
can be viewed as potential flow field At added to an 
unseparated flow y’. The results given so far dealt, with 
the case when y ' was approximately uniform. To study 
possible effects of nonuniform y on > S’ straight false 
wall was placed near the roof of the test section. The 
inclination of the plate was varied by +2.5° ( zk, = 0.0438) 
to obtain adverse or favourable pressure gradient for the 
free-stream flow in absence of wall jet. 


Experiments similar to zero pressure gradient case were 
carried out to find the effect of the recirculating region 
on the upstream wall pressure distribution. The pressure 
distributions were found to be similar to the zero pressure 
gradient case. Relevant parameters of the pressure 
distribution are- given in Table 2. 

Possible correlation of upstream pressure distribution 
for flow with pressure gradient with the pressure 
distribution of uniform flow was considered in the following 
way. If the static pressure is constant across the boimdary- 
layer , the velocity at the edge of the bound ary- layer is 
given by = Jl-C^ , (8) 

Pollo-v^jing the arguments of section 1.3, we regard the 
difference between external velocity distribution in 
presence of separation and that in absence of separation 
as the net effect of separation. ¥/e therefore consider 

P(X-Xg; X (X-Xg; (9) 

The values of this function s;:e shown in- Pigure 30 by 
unfilled symbols for two adverse and one favourable 
pressure gradient case- Pilled S 3 rmbols are for = 0 based 
on data discussed in earlier sections. Both terms on the 
right hand side were calculated from corresponding wall 
pressures by using (8). Clearly, for X-X^ ^ 8 cm curves 
for zero coincide with those for non-zero . 



rj4EAiE!rER& OF UPSIBEAM EFFECT 
(Ad versa and favourable preseure ient) 

ADVERSE PRESSURE GRADIEiJT Wall slope = 2.5^1 (k~ 0.0438 radians. 
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ihi& suggests that the fox upstream effect is not 
rigtd f icp.ntly influenced hy the pressure gradient of 
unseparated inviscid flow. Near the separation point 
however the differences are quite detectable. They are 
a.lso compatible with the earlier conclusion that the near 
upstream effect is probably due to strong interaction of 
rapidly thickening vortical layer of the external flow. 

3.9 CONCLUSIONS 

The major conclusions are summarised below. It is 
clear from the previous sections that although there is 
scope for making more accurate measurements, the broad 
trends seem to have been definitely established. 

(1) The upstream wall pressure can be described to a good 

appr ox imat ion by . 

Cp = ) 

(2) Far upstream, the pressure rises, or the inviscid flow 
outside the boundary-layer is retarded. Near the 
separation point , the inviscid flow is accelerated . 

If the unseparated inviscid flow has an adverse 
pressure gradient, this local acceleration would 
decrease the magnitude o^^ the adverse pressure gradient. 
This is ’^nown to be a fairly general feature of 
pressure distribution near the separation point 
(T'o.,pnsend , 1 962 , Tani, 1 964) . 
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(3) Far upstream effect can t)e described by a similarity 
rule 

incix 

length scale above rule can be replaced 

by h, as for the present expe'^iments h ^ 1.2 (X -X ) . 

fhis effect can be very well debcribed by inviscid 
flov; models for (Xg-X)/h ^ 7- The agreement improves 
vath increasing upstream distance from the separation 
point. Clearly, the source model is the simplest and 
it is a very good approximation for (X -X)/h ^ 7. Also, 

the experimental data for a forward facing step resembles 
the present data suggesting that details of method of 
separation do not have a significant influence in this 
range . 

When the unseparated inviscid y ' ^s-s nonuniform, 
the far upstream effect Ay of separation in the present 
experiment were found to be the same as in uniform flow 
for about (X„-X) y 8 cm. 

(4) The near upstream effect is qualitatively different from b 

the description of all inviscid models. It therefore 
suggests that a different mechanism is needed to account 

for it. Observations seem to call for a strong^ ■ ■ 

interaction between the rapidly growing vortical layer ; 

a few boundary-layer thictaiesses upstream of separation 
and the outer inviscid flow. Corresponding scales for 


Cp and (Xq-Xjjj) "beha-^e like and If U 

inHx 

is kept constant, the scale would then heha-ve like 
R and R 


\^en 'w ’ is nonuniform, the upstream effect 
is considerably different from the uniform flow. Ihis 
is compatible with the view of strong-interaction. 

The free stream bound ary- layer was observed to separate 
in favourable pressure gradient. A modification of 
classical argument shows that if velocity profiles 
upstream of separation point have a minimum, the 
dynamics of the flow permits pressure gradient at 
separation point to be favourable . 


APPEUDII A 


REMARKS ON DEEINIPION OF SEPARAPIOI POINT 

Since there is a diversity of opinion on what constitutes 
a precise general definition of separation point or line, it 
seems desirable to make some preliminary remarks. 

A steady two-dimensional flo?i( of an incompressible 
fluid may be said to separate from a solid Impervious 
boundary at rest when the streamlines close to surface do 
not follow the contour of the surface but leave it. Wall 
shear stress then changes sign at the separation point. 

When one deals with (a) unsteady flow (b) a turbulent 
boundary-layer (c) porous boundaries (d) solid boundaries 
in motion (e) three-dimensional flow or (f) compressible 
flow, additional complications arise. At present there is . 
no accepted definition of a separation point or line which 

is general enough to cover all ths above types of flow 
situations. The lack of a precise general definition, which 
is probably due to incomplete understanding of the essential 
nature of separation, sometimes leads to consequential 
differences between the theoretical prediction of the 
location of the separation point (or line) and the 
experimentally observed point because they deal, in principle, 
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.'ith different points. Differences could also arise between 
locations of separa.tion points (or lines) found "by different 
experimental techniques for the same reason. 

A notable adA^ance was made by Maskell (1955) who 
introduced the notion of 'limitin^' streamlines’ on a 
stationary imper-vious body. As the wall is approached, 
although the velocity approaches zero , the direction of a 
streamline approaches a limit direction. Lines along these 
directions are termed ’limiting streamlines.' Maskell (1955) 
proposed to distinguish separation in three-dimensional flows 
by the locus of branching of limiting streamlines. Lighthill 
(1963) further studied separation in three-dimensional flows 
in terms of surface vorticity. 

In the two-dimensional stationary turbulent boundary- 
layer on an impervious wall, the flow near separation is time 
dependent and one has to deal with instantaneous flow and 
mean flow. Thus as the mean wall stress begins to diminish, 
a point is reached beyond which the instantaneous wall shear 
stress is negative for some time ^'nterval and positive during 
the remaining time interval. There is an associated reversal 
of instantaneous flow close to wall. Kline (1959) vrorking 
with dye in a water tunnel observed that the onset of 
instantaneous separation is characterised by small 
intermittent streaks of back flow occur ing near the wall 
followed by their motion away from the wall and then being 
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v;nchea downstream 'bj the main flow. In such regions the 
upstream flow occurs for a certain fraction of the total 
time and the downstream flow for the rest of time. The mean 
wall shear stress may have positive, zero or negative values 
in such regions, as instantaneous wall shear stress at any 
point in this region talces positive and negative values. 

The region where instantaneous flo?!/ reversal takes place has 
heen termed 'separation region’ hy Sandhorn (1969). If mean 
wall shear stress changes its sign, the mean streamline would 
depart from the vicinity of the boundary and such a point may 
he called (mean) separation point. 

'yhen smoke jdye, ^or powder is injected from the wall in 
the separated region (Smith & Murphy 1955, Schuhauer & 
Spangenherg I960) the farthest point to which the tracer is 
found to move upstream is judged to he the point of interest. 
This is the beginning of the separation region and , at this . 
point, mean wall shear stress would in general have a small 
positive value. In the oil— film technique there is an 
accumulation of oil near the mean separation point . Similarly, 
in an evaporative technique, such as the 6hina-clay technique, 
the markedly slow evaporation rate of reversed mean flow 
gives rise to two sharply different colours and the boundary 
is judged to be the mean separation line . 

Pressure probes and boundary-layer fence (Bradshaw and^^^^^^ y 
Galea 1967, Sandhorn <S:/Li^ sometimes used to 
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indicate the direction of mean flow. The point indicated hy 
such a technique is interpreted as mean separation point. 
Sometimes two wire probes in the hot-wire anemometer (Downing 
1S72, Delleur 1966) are used to sense the flow reversal. Such 
a probe can show the instantaneous direction of flow. 



APPENDIX B 


DATA; REDUCTION 

The dynamic pressure data was used to calculate the 
■velocity profiles and also the various integral parameters 
of the boundary-layer. Although the least count of the 
micromanometer ■V';as3.’5x10 mm (0.0001”) > i't ’was noticed that 
readings only upto i 5x10” mm (0.001”) could be obtained -with 
reproducibility. 

The temperature of the atmospheric air throughout the 
period of experiments varied from 18°C to 25°C but most of 
the experiments were done at about 21 °C and as such the 
density and viscosity were taken corresponding to this 
temperature for calculation, A mean barometric pressure of 
75.1 cm of Hg was taken. The specific weight and kinematic 
viscosity of air were taken to be 1.155 Kg/cm^ and 0.152 cm / 
sec corresponding to this temperature and pressure The ■. 
specific gravity of the manometric fluid (butyl alcohol) was 
taken as 0.6166 as recommended by the supplier. With these 
values, the expression for velocity is 

u = 1175/r (io) 

where U and ^ are TOloclty in cm/B and manometrlo height In 
cm of alcohol. 1' 
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If extreme values of amt lent temperature and pressures 
arc considered, the calculated velocity will "be affected "by 
1 percent. 

The laA?? of the wall in the logarithmic portion for 
turbulent boundary-layer is 

U/IT* = (l/k)ln(YU*/vf ) +C (11) 

where the friction velocity U* , and the wall 

coordinate is YU^/y . The values of k and C were taken to 
be 0.41 ajcd 5.0 as recommended by Coles (1968). 

It was noticed that the measured profile was in good 
agreement with the wall law, so a method suggested by 
Bradshaw (1957) for obtaining the local skin-friction 
coefficient from the velocity profile was used . It consists 
of plotting a curve TI(y) from the law of the wall (logarithmic 
law) assuming a fixed value of Y_^ and varying U_^. The curve 
is a rectangular parabola- The intersection of the cui’ve 
with the experimental curve U(Y) determines the actual value 
of and thus The fixed value of Y^ was choosen as 100 

since, as seen from Bigure 9, experimental points 
corresponding to = 100 are in the logarithmic part of the 
law of the wall. 

The integral boundary-layer parameters were calculated 
applying a mod if led variable step size Simpson's rule to the 


velocity profile data. A paralDola was fitted tlrrough three 
adjacent points, and the contributions to various integrals 
between the intervals of first and second points and that 
between second and third points were computed. The central 
point was then moved one point outward and the process 
repeated. The contributions from the first and last intervals 
were doubled and added to the two values of each of the other 
intervals and averaged to give the values of the integral 
parameters* The process was expected to smoothen out the 
experimental data. The programme, written for the IIT/K 
IBM 704-4 computer was checked for the Blassius flat plate 
data (Schlicht ing , I960) and the agreement in the various 
thicknesses was within 0.01 percent. The procedure was also 
checked with some of the data given in the Stanford Conference 
(Coles, 1968) and the thicknesses were in agreement to within. 
0.2 percent . . 

After checking: the programme, other parameters like shape 
factor, the thickness as defined by Clauser, Reynolds number 
based on displacement and momentum thickness etc. were \ 
calculated from these parameters. The friction velocity 
used for these calculations was obtained from Bradshaw' s - 
method. Briction velocity was also calculated from the 

g«Tillman empirical relation and the agreement with ; 
that obtained from Bradshaw’ s method Was withiii orie percent. 
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Moraontum balance check as suggested by Coles (1968) was 
applied to the zero pressure gradient data. Por this method 
the momentum integral equation is normalised and integrat£<A- 
with respect to X, giving 



The left and right sides (denoted by PI and PR) of this 
equation were determined by computer programme using trapezoidal 
integration of unsmoothed data. This comparison represents a 
qualitative guide to the accuracy of 0^ and to the degree of 
two-dimensionality of the flow. 
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